A simple analysis of volatile organic compounds (VOCs), such as benzene, toluene, m,p-xylene, and o-xylene, at low levels in the atmosphere was conducted using passive samplers. The methods were applied to analyzing the behavior and origin of VOCs in Kyoto City. The passive samplers were exposed for 7 -14 days at sampling sites in Kyoto City and for 30 days in the mountains (Mt. Hiei and Mt. Daimonji). Shibata gas-tube samplers packed with activated carbon were used for the determination of VOCs. The absorbed VOCs were extracted into carbon disulfide (CS2) and measured by FID-GC. The determination limits and relative standard deviations for VOCs were 0.3 µg/m 3 and 3%, respectively. The samplers were set up at 5 sites in March, 2001 and at 13 stations on Mt. Hiei in November, 2002. The average concentrations of ambient benzene, which were higher than the environmental criterion (3.0 µg/m 3 ), except for those on Mt.
Introduction
Volatile organic compounds (VOCs) are substantial contributors to the formation of ozone and other photochemical oxidants. Some VOCs have been identified as toxic or mutagenic pollutants at concentration levels sometimes found in urban environments. 1 In particular, benzene is an aromatic VOC characterized by the U.S. Environmental Protection Agency as a known human carcinogen for all routes of exposure based upon convincing human evidence as well as supporting evidence from animal studies. 2 In Japan, the assessment of the human health risk due to exposure to ambient benzene and other VOCs is limited due to the paucity of available data on VOC levels, since VOC levels are not routinely monitored in many locations throughout Japan. 3 In order to assess the human health risk due to exposure to ambient benzene and other VOCs, it is important to elucidate the source and annual averages of VOCs in many locations. [4] [5] [6] [7] For these purposes, a simple analysis of VOCs in the atmosphere is necessary. Passive samplers are suitable for simultaneous and multi-point measurements of air pollutants, because they are structurally simple and need no battery or pump. 8 In a previous study, a simple methods using passive samplers were applied to the measurement of atmospheric NO2, SO2, and O3 at low-level concentrations. The results were examined for the spatial analysis of air pollutants in mountains around the Kyoto basin. [9] [10] [11] In the present study, the simple analysis of volatile organic compounds (VOCs), such as benzene, toluene, m, p-xylene, and o-xylene, at low levels in the atmosphere was conducted using passive samplers. The results were analyzed to elucidate the behaviors and origins of VOCs in Kyoto City. It was found that the major source of benzene in the atmosphere might be emissions from automobiles, which was also one of the primary sources of nitrogen oxides (NOx). 3, 12 Therefore, the NOx levels were also measured with the passive samplers, and then the relationship between ambient NOx and benzene levels was interpreted.
Experimental

Reagents and apparatus
A mixture of reference VOCs (benzene, ethylbenzene, toluene, o-xylene, m-xylene, and p-xylene; 1 mg/ml each) in carbon disulfide (CS2) was prepared by diluting the chemicals obtained from Wako Pure Chemicals (Osaka). Standard solutions of these compounds were prepared by diluting the above-described solution with CS2. All other chemicals were of analytical reagent grade.
A GC-14B gas chromatograph equipped with a flame ionization detector (FID) (Shimadzu, Kyoto) was used to measure VOCs. A Ubest-30 ultraviolet-visible spectrophotometer (JASCO, Tokyo) with a 1-cm cell and a JASCO PTL-396 plotter were used to measure NOx.
Determination of atmospheric VOCs with a passive sampler
Gas-tube samplers (Shibata, Tokyo) packed with activated carbon (20 -40 mesh, 200 mg) were used as passive samplers for the determination of VOCs. After the VOCs adsorbed on the samplers were extracted into 1 ml of CS2 in an SKC septum vial, 1 µl of extracted sample was injected into and measured by FID-GC. The GC column was a capillary column, J&W Scientific DB-VRX (0.45 mm × 75 m, 2.55 µm film thickness), and helium was used as a carrier gas. The injection temperature and detection temperature were maintained at 200˚C and 250˚C, respectively. The column temperature was maintained at 35˚C for 5 min and then increased from 35˚C to 200˚C at a rate of 5˚C/min and held at 200˚C for 10 min.
The daily mean VOC concentration, C (µg/m 3 ), during the exposure time, t (min), was calculated by
where M is the amount of VOCs in µg, and K is the sampling rate (ml/min). The values of the sampling rate for benzene, toluene, m,p-xylene, and o-xylene are 54.8 ml/min, 47 ml/min, 42.2 ml/min, and 42.2 ml/min, respectively. 13 Active sampling was conducted using the SKC adsorbent tubes (Anasorb CSC, Pennsylvania) fitted to a Shibata MP-103T mini-pump at a flow rate of 200 ml/min. The adsorbent tube was packed with 0.2 g of carbon molecular sieves, followed by 0.1 g of carbon molecular sieves. 14 
Determination of atmospheric NOx with the passive sampler
A Yanagisawa-type sampler, consisting of an impregnated filter with triethanolamine (Filter Badge NO2, Toyo Roshi, Tokyo), was used for the determination of atmospheric NO2. [9] [10] [11] After the sampler had been exposed for 30 days, the adsorbent filter was removed and put in a beaker, and 100 ml of Saltzmann reagent was added to it. After standing for 1 h, the absorbance was spectrophotometrically measured at 545 nm. A Hirano-type sampler, which consisted of two kinds of impregnated filters with triethanolamine for collecting atmospheric NO2 and with triethanolamine and 2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PTIO) for collecting both atmospheric NO and NO2 (Ogawa, Kobe), was used for the determination of atmospheric NO and NO2. 15 This sampler was set by using a protective cup, which acted as both a windscreen and a rain cover. After the sampler had been exposed for 30 days, two adsorbent filters were transferred to each glass test tube containing 8 ml of distilled water, and the sampler was occasionally shaken for 30 min before cooling at 2 -6˚C. After the addition of ascorbic acid for the reduction of PTIO to a tube containing an impregnated filter with triethanolamine and PTIO, 2 ml of Saltzmann reagent was added to them. After standing for 1 h, the absorbance was spectrophotometrically measured at 545 nm. 16 
Analysis of atmospheric VOCs and NOx in Kyoto
Shibata gas-tube samplers for VOC determination were set up at 5 sites (Kitaoji-kawabata, Ichijoji, Iwakura, Kyoto Institute of Technology (3 locations), and Mt. Daimonji (altitudes; 110 m, 210 m, 340 m)) since March 2001, and at 13 stations on Mt. Hiei (from the cable car summit station (altitude, 700 m) to the cable car foot station (altitude, 170 m)) since November 2002 ( Fig. 1 ). Kitaoji-kawabata was a crossroad that had relatively heavy traffic. NOx samplers were also set up at the monitoring locations. These samplers were set up using protective cups for windscreen and rain cover to shield against light. The altitude of the sampling points was measured by an Isuzu altimeter. The passive samplers were exposed for 7 -14 days at the sampling sites in Kyoto City and for 30 days in the mountains (Mt. Hiei and Mt. Daimonji). After they were taken back to the laboratory, the adsorbed VOCs were extracted into CS2 and measured by FID-GC.
The adsorbed NOx was spectrophotometrically measured using the Saltzmann method as soon as possible.
Results and Discussion
Evaluation of passive samplers for atmospheric VOCs measurements
In a previous study, 17 the active sampling method for determining atmospheric VOCs was investigated using SKC adsorbent tubes. The results obtained by the active sampling method were in good agreement with the data obtained by the Health Bureau of Kyoto City. However, the active sampling method is not suitable for simultaneous and multi-point measurements of atmospheric VOCs because it requires a battery and pump. The use of passive samplers for the determination of atmospheric VOCs was then examined. Three kinds of passive samplers, such as a Sumitomo 3M organic gas monitor 3500, 18 a Shibata gas-tube sampler, 13 and an SKC passive sampler, 14 were compared with the active sampling method ( Table 1 ). The SKC passive sampler was insufficient because the benzene value determined by it was 3-times larger than those determined by other passive samplers and the active sampling method. The Sumitomo 3M organic gas monitor 3500 and the Shibata gas-tube sampler were found to be sufficient for determining traces of atmospheric VOCs. In the present study, the Shibata gas-tube sampler was selected because of its efficiency and low price.
For a short-term exposure, three sets of Shibata gas-tube samplers were simultaneously exposed for 2 -4 days and compared with the active sampling method. The relative standard deviations of benzene for exposure times of 2 and 4 days were 16.9% and 9.1%, respectively, while those of other VOCs were less than 5%. The VOC values obtained with the Shibata samplers were almost consistent with those obtained by the active sampling method. Next, for long exposure, five sets of Shibata gas-tube samplers were simultaneously exposed for 10 -30 days, and the results were compared with those obtained by the active sampling method ( Table 2 ). The VOC values obtained with the Shibata samplers were almost consistent with those with the active sampling method for up to 10 days of sampling, but those with exposure times for more than 15 days were about 80% of those obtained by the active sampling method. The decrease in VOC values may be due to the effect of UV radiation and temperature. The Shibata samplers with protective cups for shielding light were then exposed for 15 and 30 days. The VOC values obtained with the Shibata samplers were almost consistent with those obtained by the active sampling method. Consequently, the Shibata gas-tube sampler with a protective cup for shielding light was evaluated as a suitable passive sampler for up to 30 days of sampling.
For an exposure time of 30 days, the limits of detection (LOD) for benzene, toluene, and xylene were 0.04 µg/m 3 , 0.05 µg/m 3 , and 0.05 µg/m 3 , respectively. The determination limits and relative standard deviations for VOCs were 0.3 µg/m 3 and 3%, respectively.
Analysis of seasonal changes in atmospheric VOC concentrations in Kyoto City
The seasonal changes in the concentrations of atmospheric VOCs at Kitaoji-kawabata, which was a crossroad with relatively heavy traffic, are shown in The seasonal changes in the concentrations of atmospheric VOCs in the suburbs of Iwakura are shown in Fig. 3 . The concentrations of ambient benzene, xylene, and toluene were 0.6 -12.4 µg/m 3 , 0.7 -4.0 µg/m 3 , and 2.7 -13.2 µg/m 3 , respectively, which were only one-fifth of that at Kitaoji-kawabata.
However, the ambient benzene concentration at Iwakura, which was sometimes much higher than the environmental criterion of 3.0 µg/m 3 until February, 109 ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 Table 3 . The annual means of ambient benzene, which were higher than the environmental criterion of 3.0 µg/m 3 , except for Mt. Daimonji for period A, decreased to below 3.0 µg/m 3 , except for Kitaoji-kawabata and Kyoto Institute of Technology (location II; the roof of the Department of Chemistry and Material Technology) for period B. The annual means of ambient benzene at location II in K.I.T. were higher than those at other locations in K.I.T. The discharge of benzene from chemical laboratories might affect the ambient benzene at location II. The annual means of ambient toluene were the highest among the VOCs measured at all sampling sites. The annual means of ambient xylene were almost identical to those of ambient benzene. However, the annual means of ambient toluene and xylene for period B decreased at Iwakura and Kitaoji-kawabata, although they were almost identical at the other sites when compared with those for period A, which were different from the means of ambient benzene. The decrease in ambient benzene may be due to the decrease in the benzene content in gasoline. The benzene content in gasoline had been reduced from 2.3 vol% to less than 1 vol% by the end of 1999, in accordance with the guidelines of the Japan Central Environmental Council. 3 Moreover, the Pollutant Release and Transfer Register (PRTR) Act implemented in 2001 might help to reduce the benzene level in the atmosphere.
Relationship between atmospheric VOCs and NO2 in Kyoto City
The major source of benzene and other VOCs in the atmosphere may be emission from automobiles, which is also one of the primary sources of nitrogen oxides (NOx). Then, atmospheric NOx was simultaneously measured, and the relationship between ambient NOx and VOC levels was examined. The levels of these pollutants showed seasonal trends similar to each other, which were high in winter and low in summer. In Fig. 5 , the relationships between VOCs (y in µg/m 3 ) and NO2 (x in ppb) at the Kitaoji-kawabata crossroad are shown. A linear relationship was obtained between benzene and NO2 {y = 0.035x + 0.647 (R 2 = 0.72)}. Fushimi et al. reported on the relationship between benzene and NO2 at Yokohama National University from April, 1997 to March, 1998 {y = 0.064x + 1.04 (R 2 = 0.79)}. 12 The intercept of the regression at Yokohama was slightly higher than that at Kyoto. The regression equations for toluene and NO2 and for xylene and NO2 were y = 0.134x + 7.70 (R 2 = 0.45) and y = 0.061x + 1.86 (R 2 = 0.57), respectively. The correlation coefficients for toluene and NO2 and for xylene and NO2 were slightly lower than those for benzene and NO2. These results suggest that the main source of ambient benzene at Kitaoji-kawabata may be anthropogenic emission from automobiles, while the sources of toluene and xylene may be emission not only from automobiles, but also from industrial areas. On the other hand, at Iwakura in the suburbs, the regression equations for benzene and NO2, for toluene and NO2, and for xylene and NO2 were y = 0.046x + 0.117 (R 2 = 0.60), y = 0.337x -0.242 (R 2 = 0.84), and y = 0.092x -0.001 (R 2 = 0.67), respectively. These results indicate that almost all sources of ambient VOCs at Iwakura may be anthropogenic emissions from automobiles because these correlation coefficients were large and the intercept values were small.
Spatial analysis of atmospheric VOCs and NO2 along the slope of Mt. Hiei in Kyoto City
The distribution of atmospheric VOC concentrations along the slope of Mt. Hiei in December, 2002, is shown in Fig. 6 . The VOC concentrations gradually decreased with a increase in the altitude, and it was the largest at around 300 m. The VOC concentrations at the altitude of 700 m were about one-half of that at an altitude of 170 m. The distribution of atmospheric VOCs along the slope of Mt. Hiei was consistent with that of NO2. 6, 7 These results suggest that the temperature-inversion layer may be formed at an altitude of around 300 m. The averages of the benzene, toluene, and xylene concentrations were 0.7, 4.5, and 1.0 µg/m 3 , respectively. In April, 2003, the averages of the benzene, toluene, and xylene concentrations were 0.7, 1.9, and 0.4 µg/m 3 , respectively. The background of the atmospheric benzene concentration in Japan was reported to be 0.7 -0.9 µg/m 3 in 1997. 12 
Origin of atmospheric VOCs in Kyoto City
The composition ratios of VOCs in exhaust gas were measured using four gasoline cars.
The ratios of benzene/xylene, toluene/xylene, and benzene/toluene were 0.3 -0.7, 1.0 -3.2, and 0.13 -0.37, respectively. The relationships among ambient concentrations of benzene, toluene, and xylene at the sampling locations in Kyoto City are given in Table 4 . At Kitaoji-kawabata crossroad, good linear relationships were obtained between benzene (y) and xylene (x) {y = 0.489x + 0.596 (R 2 = 0.70)}, between toluene (y) and xylene (x) {y = 1.74x + 7.20 (R 2 = 0.89)}, and between benzene (y) and toluene (x) {y = 0.247x -0.468 (R 2 = 0.61)}. The slopes of these regression equations for benzene/xylene, toluene/xylene, and benzene/toluene were 0.49, 1.74, and 0.25, respectively, which were within the composition ratios of VOCs in the exhaust gas of gasoline fueled cars. However, the intercept value for toluene/xylene was 7.20 µg/m 3 , which was quite large. These results suggest that the most significant source of ambient benzene at Kitaoji-kawabata may be anthropogenic emission from automobiles, while the sources of toluene and xylene may be emissions from industrial areas rather than automobiles alone. At Ichijoji, the slopes of the regression equations for toluene/xylene and benzene/toluene were 4.95 and 0.027, respectively, which were not within the composition ratios for toluene/xylene and benzene/toluene in exhaust gas. Furthermore, the correlation coefficients of the regression equations were small. These results suggest that the sources of ambient VOCs at Ichijoji may be attributed to the anthropogenic emissions from neighboring small industries rather than from automobiles. On the other hand, in the suburbs (Iwakura), the regression equations for benzene and xylene, toluene and xylene, and benzene and toluene were {y = 0.801x -0. (R 2 = 0.70)}, respectively. These results indicate that major sources of ambient VOCs at Iwakura may be anthropogenic emissions from automobiles because these correlation coefficients were large and the intercepts were small compared to the values at Kitaoji-kawabata. However, the ambient benzene concentration at Iwakura, which was sometimes much higher than the environmental criterion, 3.0 µg/m 3 until February, 2002, decreased to below 3.0 µg/m 3 after March, 2002. In these periods, the ambient benzene concentrations at Kitaoji-kawabata and Ichijoji were similarly higher than those in other periods, but those recorded at Mt. Daimonji were low. The origin of abnormally high concentrated benzene in the atmosphere may be found in such sources as industrial areas or institutes located south-southeast of Kitaoji-kawabata and west of Mt. Daimonji, which may be ascribed to the influence of the wind direction. The slope and correlation coefficient of the regression equation for benzene/xylene were near zero at location II in K.I.T., indicating that the ambient benzene concentration at location II in K.I.T. may be slightly affected by the discharge of benzene from chemical laboratories. Moreover, the ambient benzene concentrations at Mt. Daimonji in November, 2002, and January -March, 2003, were abnormally high compared to those in other periods. The origin of abnormally concentrated benzene in the atmosphere may be found in such sources as industrial areas or institutes located southeast of Kitaoji-kawabata and northwest -southwest of Mt. Daimonji, which may be influenced by the wind direction. From these results, ambient VOCs in Kyoto may have their origin in anthropogenic emission sources from both automobiles and other sources, such as industrial areas or institutes. The average concentrations of ambient benzene, which were higher than the environmental criterion 
